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Abstract
Pseudoxanthoma elasticum (PXE), a prototype of heritable multi-system disorders, is
characterized by pathologic mineralization of connective tissues, with primary clinical
manifestations in the skin, eyes and the cardiovascular system. The causative gene was initially
identified as ABCC6 which encodes an ABC transporter protein (ABCC6) expressed primarily in
the liver and the kidneys. The critical role of ABCC6 in ectopic mineralization has been confirmed
by the development of Abcc6-/- knock-out mice which recapitulate the features of connective
tissue mineralization characteristic of PXE. Over 200 distinct loss-of-function mutations
representative of over 1000 mutant alleles in ABCC6 have been identified by streamlined
mutation detection strategies in this autosomal recessive disease. More recently, missense
mutations in the GGCX gene, either in compound heterozygous state or digenic with a recurrent
ABCC6 nonsense mutation (p.R1141X), have been identified in patients with PXE-like cutaneous
findings and vitamin K-dependent coagulation factor deficiency. GGCX encodes a carboxylase
which catalyzes γ-glutamyl carboxylation of coagulation factors as well as of matrix gla protein
(MGP) which in fully carboxylated form serves as a systemic inhibitor of pathologic
mineralization. Collectively, these observations suggest the hypothesis that a consequence of loss-
of-function mutations in the ABCC6 gene is the reduced vitamin K-dependent γ-glutamyl
carboxylation of MGP, with subsequent connective tissue mineralization. Further progress in
understanding the detailed pathomechanisms of PXE should provide novel strategies to
counteract, and perhaps cure, this complex heritable disorder at the genome-environment
interface.
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Phenotypic Spectrum of PXE
Pseudoxanthoma elasticum (PXE) is a multisystem genetic disorder characterized by
dystrophic mineralization of soft connective tissues in a number of organs, including the
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skin, the eyes, and the arterial blood vessels (1-3). This disease was initially delineated as a
clinical entity, distinct from xanthomas (hence pseudoxanthoma), over a century ago, and
during the ensuing decades, various clinical observations, histopathology, and ultrastructural
findings suggested that the primary pathology resides in the elastic fibers. Consequently,
PXE was considered as a prototype of heritable connective tissue disorders with primary
involvement of the elastic fiber system (2).

The clinical manifestations of classic PXE center on three major organ systems of the body,
viz., skin, eyes, and the cardiovascular system. The primary cutaneous lesions are small,
yellowish papules on the predilection sites at flexural areas, and these lesions progressively
coalesce into larger plagues of inelastic, leathery skin with yellowish hue (Fig. 1) (3).
Histopathologic evaluation of skin reveals accumulation of basophilic elastotic material, as
revealed by Hematoxylin-Eosin stain, and characteristically, these elastotic structures
become mineralized in a progressive manner over the lifetime of the affected individuals
(von Kossa and Alizarin Red stains in Fig. 1). The eye manifestations consist of angioid
streaks, and bleeding from the choroidal vessels can result in loss of visual acquity and,
relatively rarely, in central blindness. The cardiovascular manifestations derive from
mineralization of arterial blood vessels, and include gastrointestinal bleeding, intermittent
claudication, hypertension, and, occasionally, early myocardial infarcts. The precise
incidence of PXE is undefined and the estimates vary widely (see 2, 4). In general
populations, the estimates in the 1 in 50,000 to 1 in 70,000 range may be representative.

While PXE is associated with considerable morbidity and occasional mortality from
cardiovascular complications, the phenotypic spectrum is highly variable with both inter-
and intra-familial heterogeneity, and involvement of any given organ system may be
predominant in certain families. This variability has presented a diagnostic challenge,
compounded by the fact that clinical manifestations are rarely present at birth and often
become evident not until the second or third decade of life, thus complicating and
prolonging the process leading to correct diagnosis on the clinical basis. Adding to the
complexity were early suggestions that both autosomal dominant and autosomal recessive
forms of the disease exist (see ref. 2). However, recent advances of molecular genetics of
PXE have established that PXE is exclusively an autosomal recessive disorder, and the
suggestions of autosomal dominant forms, which were based on the presence of the disease
in two subsequent generations in a few families, can now be explained on the basis of
pseudo-dominance often due to familial consanguinity (5). Microscopic changes in the
elastic fibers of the skin in heterozygous carriers, who have an essentially normal or limited
and atypical clinical phenotype, have been reported (6). Furthermore, a recent study has
suggested that heterozygous carriers of an ABCC6 mutation may occasionally have serious
manifestations, particularly affecting the eyes (7). These heterozygous carriers have also
been suggested to be at increased risk for premature coronary artery disease (8), suggesting
that heterozygous carriers may have a limited or subclinical phenotype.

Molecular Genetics
Since the primary pathology of PXE was observed to affect the elastic fibers in the skin, the
genes involved in the synthesis and assembly of the elastic fiber network were initially
considered as the primary candidates for mutations; these included elastin (ELN) on
chromosome 7q, elastin associated microfibrillar proteins, such as fibrillin 1 and fibrillin 2
(FBN1 and FBN2) on chromosomes 15 and 5, and lysyl oxidase (LOX) also on chromosome
15. However, genetic linkage analyses excluded these chromosomal regions (9,10).
Subsequent studies utilizing positional cloning approaches provided strong evidence for
linkage to the short arm of chromosome 16, and the critical interval was eventually refined
by the use of informative recombinants to consist of approximately 500 kb (11,12).
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Examination of the existing genome database revealed that this candidate region contained
four genes, none of which had an obvious connection to the extracellular matrix of
connective tissues in general or to the elastic fiber network in particular. Systematic
sequencing of these candidate genes resulted in identification of the ABCC6 gene as the one
harboring mutations in PXE (13-16). This gene encodes a putative transmembrane
transporter protein, ABCC6 (also known as multidrug resistance-associated protein 6 –
MRP6), a member of the family of ATP-binding cassette (ABC) proteins. The ABCC6 gene
is primarily expressed in the liver, to a lesser extent in the proximal tubules of kidneys, and
at very low level, if at all, in tissues affected in PXE (17,18). These observations raised an
apparent dilemma concerning the pathomechanism of PXE: How do mutations in the gene
expressed primarily in the liver result in mineralization of skin, eyes and blood vessels in
peripheral tissues (19)? While the mineral deposits in the affected tissues are known to
consist of calcium and phosphate, the precise mechanisms leading to pathologic
mineralization remain unclear, and specifically, the substrate specificity of ABCC6 is
currently unknown.

The ABCC6 gene is encoded in 31 exons spanning ∼75 kb of the human genome on human
chromosome 16p13.1 (Fig. 2). This region also contains two closely related but non-
functional 5′ pseudogenes, ABCC6-ψ1 and ABCC6-ψ2, which correspond to exons 1-9
and 1-4 of the coding gene, respectively (20). A close sequence similarity (over 99%)
between the two pseudogenes and the coding gene complicates mutation detection, although
coding gene specific primer sets have been designed for each exon facilitating analysis
without interference from the pseudogene sequences (21). The ABCC6 gene is transcribed
into an ∼5 kb mRNA and translated into a 165 kD protein of 1503 amino acids. This protein
has three hydrophobic transmembrane domains (TMD) containing a total of 17
transmembrane helices as well as two intracellular nucleotide binding folds (NBFs), each
containing highly conserved Walker motifs which are critical for the function of the protein
in ATP-driven transmembrane transport (Fig. 2). Based on sequence homology with other
members of the C family of ABC proteins, particularly the prototypic ABCC1, the ABCC6
protein has been postulated to function as an efflux transporter in the liver. The in vivo
substrate specificity of this putative transporter is currently unknown, but recent studies have
shown that it can function as a transmembrane transporter of polyanionic, glutathione-
conjugated molecules in vitro (22,23).

The critical role of the ABCC6 gene in the pathogenesis of PXE has also been confirmed by
development of transgenic mice through targeted ablation of the corresponding mouse gene,
Abcc6 (24,25). The Abcc6-/- mice recapitulate certain cardinal features of human PXE,
including progressive tissue mineralization.

Mutations in the ABCC6 Gene Causing PXE
To date, over 200 distinct mutations in the ABCC6 gene have been described representing
over 1000 mutant alleles (21,26). The types of mutations include missense and nonsense
mutations in 28 of the 31 exons of ABCC6, intronic mutations causing miss-splicing, small
deletions and insertions, as well as large deletions spanning part or the entire coding region
and sometimes including flanking genes (Fig. 2). Two mutations are recurrent and of high
frequency: First, the most common recurring mutation, particularly in Caucasian individuals,
is p.R1141X in exon 24, with a prevalence of ∼30% of all PXE mutations. Secondly, a
recurrent, AluI-mediated deletion of exons 23-29 (del23-29; p.A999-S1403del) of the
ABCC6 gene has been found on at least one allele in up to 20% of US and 12% of European
patients (26). Both PCR only and PCR/restriction enzyme digestion assays have been
developed to identify these recurrent mutations. Nevertheless, only ∼10% of all patients in a
recent large US and European study (21) were homozygous or compound heterozygous for
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p.R1141X and del23-29 mutations, indicating that ∼90% of all individuals in these PXE
populations will require further analysis to identify the second mutation or both mutations in
the ABCC6 gene causing their disease. Identification of additional recurrent nonsense
mutations (p.Q378X in exon 9, p.R518X in exon 12, and p.R1164X in exon 24) as well as
clustering of the missense mutations to exons 24 and 28 corresponding to the NBFs that are
critical for the ATP binding and hydrolysis have allowed development of streamlined
mutation detection strategies to facilitate identification of mutations in the ABCC6 gene
with the overall detection rate of up to 99% (for review see ref. 26). Thus, mutation analysis
is now readily available for individuals with family history of PXE.

Identification of mutations in the ABCC6 gene can be used for confirmation of the clinical
diagnosis, carrier detection, and presymptomatic identification of affected individuals with
family history of PXE. In this context, it should be noted that the average age of clinical
diagnosis, based on skin findings, of patients with PXE is around 8-12 years of age (4).
Although no specific treatment is presently available for this condition, early identification
of the disease and increased surveillance for its sequela will hopefully improve the quality of
life of the affected individuals. Finally, prenatal testing is feasible although rarely
contemplated by the parents who consider the risk for recurrence.

Homology Models of ABC Transporters
Recent milestones in ABC transporter research include determination of high-resolution,
three-dimensional structures of bacterial ABC export pumps (27-29). These structures
conform with earlier biochemical data and provide potentially good templates for homology
model building for human ABC transporters. In fact, we have embarked upon such an in
silico project and generated a homology model of human ABCC6 (Fig. 3). The first
transmembrane domain (TMD0), which is a unique element of the C-type transporters of the
ABC family, could not be included into the model building; the same is true for the flexible
loop connecting the two halves of the protein. Similar models based on the same principle
have been developed for human ABCC1 (30) and human ABCB1 (31).

A side view of human ABCC6 is presented in Figure 3. The two halves of the molecule are
indicated with different colors. PXE-associated missense mutations are indicated on the
homology model (red). An analysis of the distribution of missense mutations revealed that
mutations of residues participating in domain-domain interactions, which provide the
structural basis of “informational transmission” and are in contact between the two catalytic
(ABC) domains, are 3.5 – 4.1 fold more frequent than the average mutational rate of the
overall polypeptide chain.

Pathomechanistic Consequences of ABCC6 Mutations
As indicated above, the physiologic role of ABCC6 protein is currently unknown, and in
particular, its ligands as putative efflux transporter in vivo remain unknown. To explain the
potential mechanisms leading from ABCC6 mutations to pathologic mineralization in
peripheral tissues in PXE, at least two general theories have been advanced.

“The metabolic hypothesis” postulates that absence of functional ABCC6 activity,
primarily in the liver, results in deficiency of circulating factor(s) that are physiologically
required to prevent aberrant mineralization under normal calcium and phosphate
homeostatic conditions (Fig. 4) (32,33). In support of the metabolic hypothesis are several
both clinical and experimental observations in patients with PXE as well as in the Abcc6-/-

mouse that serves as a model for human PXE. First, the clinical findings in patients with
PXE are rarely present at early childhood, the onset of clinical manifestations is
considerably delayed, and the ensuing progression of the disease is slow, presumably due to
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continued accumulation of mineral in soft connective tissues of the affected organs. In the
Abcc6-/- mice, no evidence of aberrant mineralization is noted until ∼4-5 weeks after the
birth (24). Secondly, serum from patients with PXE as well as from Abcc6-/- mice lack the
capacity to prevent calcium/phosphate precipitation in an in vitro assay utilizing human
smooth muscle cell cultures (34). Furthermore, serum from patients with PXE, when added
to tissue culture medium, has been shown to alter the expression of elastin by fibroblasts in
cultures, suggesting the presence or absence of specific circulating factors (35). Finally,
recent skin grafting studies in wild-type and Abcc6-/- mice have supported the notion that
circulating factor(s) play a critical role in determining the degree of mineralization (36). In
the latter studies, muzzle skin from Abcc6-/- mice and their wild-type littermates were
grafted onto the back of Abcc6+/+ or Abcc6-/- mice. The muzzle skin of mice contains
vibrissae, and a connective tissue capsule surrounding the bulb of vibrissae becomes
reproducibly calcified in Abcc6-/- mice at ∼5 weeks, thus serving as an early and
quantifiable biomarker of the mineralization process in this mouse model of PXE (34).
When muzzle skin from Abcc6+/+ mice was grafted onto the back of Abcc6-/- mice at 4
weeks of age, mineralization ensued in subsequent two months. In contrast, no
mineralization was observed in the muzzle skin from Abcc6-/- mice transplanted onto the
back of Abcc6+/+ mice. In this kind of grafting model, vascular capillaries in the graft
regress while new vascular ingrowth occurs from the recipient wound bed to replace the
regressing vessels (37). The survival of skin grafts is, therefore, dependent on
reestablishment of circulation in the graft from the recipient animal, and consequently, all
survived grafts are supplied by blood of the recipient mice. Since the Abcc6-/- mouse skin
graft did not develop mineralization when placed onto the Abcc6+/+ mouse, but the skin
from wild-type mouse showed mineralization after grafting onto the Abcc6-/- mouse, these
findings suggest that circulating factors in the recipient's blood play a critical role in
determining the degree of mineralization of the graft, irrespective of graft genotype.

“The PXE cell hypothesis”, postulates that lack of ABCC6 expression in the resident cells
in affected tissues, such as skin fibroblasts or arterial smooth muscle cells, alters their
biosynthetic expression profile and cell-cell and cell-matrix interactions associated with
changes in the proliferative capacity (38,39). In support of this postulate, it has been
demonstrated that cultured skin fibroblasts from patients with PXE depict enhanced
synthesis of elastin and glycosaminoglycan/proteoglycan complexes, but they also
demonstrate enhanced degradative potential due to elevated matrix metalloproteinase-2
activity (40). In support of this postulate are also the histopathological and ultrastructural
demonstrations that the elastic structures in the skin that become mineralized in PXE do not
appear morphologically normal and they have been suggested to have a composition
different from elastin isolated from normal tissues (41,42).

Related Conditions with PXE-like Cutaneous Findings
In addition to the classic form of the disease, PXE-like clinical features, including aberrant
mineralization of elastic structures in the skin, have been reported in a number of apparently
unrelated clinical, both acquired and genetic conditions (43). Among the acquired
conditions, PXE-like cutaneous changes may be associated with multiple pregnancy, end-
stage renal disease, or topical exposure to mineral-containing fertilizers. In these cases,
mineralization of skin may result from metabolic abnormalities affecting calcium and/or
phosphate homeostasis or from direct deposition of the mineral salts through the skin with
affinity for elastic structures. However, the pathomechanistic details and role of any
predisposing genetic factors in these situations are unknown.

PXE-like cutaneous changes with ocular findings have also been found in a large portion,
perhaps as many as in 20%, of patients with β-thalassemia and sickle cell anemia, yet no
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gene defects in ABCC6 in these patients could be found (44,45). These and similar
observations have been the basis for suggestions that generalized and local oxidative
imbalance may lead to clinical PXE manifestations also in classic forms of PXE. This
hypothesis has been supported by observations that fibroblast cultures derived from the skin
of patients with PXE demonstrate changes in oxidative stress markers in vitro (46).
Subsequently, genetic variations in antioxidant genes have been suggested to be a risk factor
for early disease onset in PXE (47). Specifically, restriction fragment length polymorphisms
and allele-specific PCR analyses were used to evaluate the distribution of single-nucleotide
polymorphisms in the genes encoding catalase, superoxide dismutase 2, and glutathione
peroxidase 1 in DNA samples from PXE patients and healthy controls. The genetic variants
investigated in this study have been shown to affect the activities of these antioxidant
enzymes. A correlation between the patients' genotype with respect to polymorphisms in
these genes and the age at disease onset was found (47).

Utilizing the Abcc6-/- mouse as a model of PXE, we have been able to confirm the presence
of chronic oxidative stress, as reflected by reduced total antioxidant capacity and the
presence of enhanced protein oxidation and lipid peroxidation markers (48). These findings
in animals, therefore, support previous observations made on cultured fibroblasts from
patients with PXE suggesting mild, chronic oxidative stress in this disease. The key
observation in our study was, however, that antioxidant diet containing vitamins C and E,
selenium and N-acetylcysteine was effective in counteracting the oxidative stress, but it did
not modify the process of aberrant mineralization of connective tissues in PXE mice (48).
We concluded, therefore, that as ectopic mineralization is the pathologic hallmark of PXE
responsible for the clinical manifestations, it is unlikely that oxidative stress plays a major
causal role in the pathomechanism of PXE. It is more likely that oxidative stress reflects the
generalized condition of these mice as a consequence of the disease, as encountered in a
number of clinical situations and in chronologic aging. These findings have implications for
potential treatment of PXE. Specifically, previous demonstrations of oxidative stress in
cultured PXE fibroblasts (46), a finding corroborated by our in vivo study (48), raised the
possibility that ingestion of antioxidants may be beneficial in counteracting the disease
process in PXE. Our findings in an animal model do not support such a suggestion, although
carefully controlled clinical trials on patients with PXE would potentially provide an
unequivocal answer.

Meanwhile, the “redox status” hypothesis of the cellular mechanism of PXE has also been
put forward. This model aims to rationalize the correlation between the ABCC6 mutations
and soft tissue mineralization on the basis of the potential contribution of ABCC transporters
in maintaining the intracellular redox potential. Upon oxidative stress, an immediate defense
reaction is the conversion of glutathione (GSH) to its oxidized form, GSSG. This reaction
effectively eliminates the reactive oxidizing species, but results in the change of the redox
potential (Nerst potential) of the intracellular compartment. By removing GSSG, the Nerst
potential can be maintained by a quick response before GSH synthesis fills up the GSH-
pool. It has been demonstrated that removal of GSSG from the cell is facilitated by ABCC1
in the aorta endothelium (49), and GSSG transport by ABCC1 has also been documented by
an in vitro biochemical transport assay (50). If such a transport mechanism is absent in the
cell, restoration of the redox potential following oxidative stress may be delayed. The
vitamin K-cycle is a redox cycle, and its turnover is sensitive to the redox potential of the
milieu. Thus, the proper kinetics of the vitamin K-cycle is essential in MGP-γ-glutamyl
carboxylation, and in PXE-like syndrome missense mutations in the GGCX gene “slow
down” the vitamin K cycle (see below). According to the “redox status” hypothesis in PXE,
the altered redox potential may be responsible for the lower turnover of cycle. Both
mechanisms could lead to under-carboxylation of MGP and soft tissue calcification (51).
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Phenotype Modifying Factors
A number of modifying factors, both genetic and environmental, have been suggested to
play a role in PXE phenotypic expression. One of the recently identified genetic factors
involves polymorphisms in the promoter of the SPP1 gene (secreted phosphoprotein 1; also
known as OPN, osteopontin) (52). Screening of this promoter revealed nine different
sequence variations, and three of them (c.-1748A→G, c.-155__156insG, and c.
244__245insTG) were significantly more frequent in PXE patients than in matched controls.
The odds ratio for PXE among the carriers of these three alleles were 2.16, 2.41 and 1.97,
respectively. One haplotype was also shown to be significantly associated with reduced risk
for PXE. It was concluded, therefore, that polymorphisms in the SPP1 promoter are a
genetic risk factor contributing to PXE susceptibility (52). As discussed below, ABCC6
haplosufficiency may also synergize the effects of the GGCX gene, encoding γ-glutamyl
carboxylase protein, in patients with PXE and multiple coagulation factor deficiency.

Diet has also been suggested to play a role in modifying the severity of PXE, and in
particular, high intake of dairy products rich in calcium and phosphate during childhood and
adolescence has been suggested to accelerate the clinical presentation (43,53). It should be
noted, however, that these retrospective, and somewhat anecdotal, studies have
epidemiological weaknesses. Furthermore, recent preliminary prospective studies have
suggested that treatment of patients with PXE with aluminum hydroxide, an oral phosphate
binder can result in significant clinical improvement of skin lesions, and no progress of eye
disease was noted in any of the six patients examined at a one-year follow up point (54).
Collectively, these findings suggested that abnormalities in calcium/phosphate metabolism
may contribute to the pathologic mineralization process in PXE. We have attempted to
verify the role of dietary modifications and a phosphate binder utilizing the PXE mouse
model (Abcc6-/-) as target (55). The experimental diet consisted of high phosphorous, low
calcium and low magnesium, and the degree of mineralization was determined in H&E
stained sections utilizing computerized morphometric analysis and bio-chemical assays to
measure the calcium and phosphate content of the vibrissae, the site of early mineralization
in these mice. The results indicated increased mineralization in the Abcc6-/- mice fed a
standard diet or a diet with mineral modifications as compared with control mice fed a
standard diet (55). Collectively, these preliminary studies suggested that dietary factors may
play a role in the mineralization process in PXE, but the precise role of individual dietary
minerals, such as calcium and phosphate, as well as phosphate binders clearly merits further
investigation.

PXE-like Cutaneous Findings in Patients with Coagulation Defects
An intriguing phenotypic observation with potential pathomechanistic implications involves
cases with features of PXE in association with vitamin K-dependent multiple coagulation
factor deficiency (56-58). These patients demonstrate primary cutaneous lesions with PXE-
like phenotype, i.e., small yellowish papules which tend to coalesce. In addition, the skin
demonstrates excessive folding and sagging with loss of recoil (Fig. 1). Thus, these patients
have been described as having combined cutaneous features of both PXE and cutis laxa (58).
The cutaneous lesions in these patients depict profound mineralization, similar to that in
PXE (Fig. 1). In addition to skin findings, some of these patients demonstrate angioid
streaks (58). Molecular analysis of some of these patients has revealed mutations in the
GGCX gene which encodes an enzyme required for γ-glutamyl carboxylation of proteins,
such as the vitamin K-dependent coagulation factors and MGP (58).

Particularly illustrative of the complexity of this clinical situation is a multiplex pedigree
that we have recently examined by molecular analysis of both ABCC6 and GGCX genes
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(Fig. 5) (59). The proband is a female who at around age 10 years began to develop
progressively loose, sagging and redundant skin, and an initial diagnosis of cutis laxa was
made. At the age of 15 years, proband skin changes were seen (Fig. 1). The patient also had
a coagulation disorder with prolonged bleeding time and deficiency in a number of
coagulation factors. The proband had a sister, three years older, with similar skin changes
beginning in her early teens, as well as the coagulation disorder. They had a brother who
was clinical normal. Examination of the members of the nuclear pedigree revealed that the
father of the proband is clinically normal, while the mother and her fraternal twin sister had
distinct folding of the skin, particularly in the axillary areas. They also had characteristic
yellowish papules consistent with PXE on the sides of the neck and axillary areas. Neither
the mother nor her sister had evidence of a coagulation disorder. Histopathology of the
individuals with skin findings revealed aberrant mineralization of basophilic elastotic
material confirming the diagnosis of PXE (Fig. 1) (59).

This family was first analyzed for the ABCC6 gene mutations by a streamlined mutation
detection strategy recently proposed for this gene (21,26). The analysis revealed the
presence of a recurrent mutation, p.R1141X, in the peripheral blood DNA in several family
members but not in the proband herself or in her sister (Fig. 5). These individuals were
heterozygous for the p.R1141X mutation, and no other ABCC6 mutation could be disclosed
in this family. Considering the clinical association of PXE-like cutaneous findings with
coagulation disorder in this family, we also sequenced the GGCX and VKORC1 genes
which are associated with combined deficiency of the vitamin K-dependent coagulation
factors. While no mutation was detected in VKORC1, two distinct missense mutations in
GGCX could be detected: p.V255M and p.S300F. Correlation of the clinical findings with
the genotypes revealed that the proband and her sister were compound heterozygotes for the
two GGCX missense mutations, potentially explaining their hematologic findings. In
contrast, individuals who were heterozygous carriers of the ABCC6 nonsense mutation
p.R1141X were also heterozygous carriers of one of the GGCX missense mutations.
Specifically, the finding of the GGCX missense mutation p.V255M in combination of the
ABCC6 nonsense mutation p.R1141X suggests the possibility of digenic inheritance of their
cutaneous findings (59). Importantly, however, no ABCC6 mutations were found in the
proband and her sister, who were compound heterozygotes for GGCX missense mutations,
confirming previous observations (58) that the GGCX gene mutations can cause PXE-like
cutaneous changes.

The Pathomechanistic Role of Matrix Gla Protein
Subsequent to identification of missense mutations in GGCX encoding the γ-carboxylase
protein we demonstrated that these mutations resulted in markedly reduced enzyme activity,
thus explaining the coagulation problems in the proband and her sister who were compound
heterozygotes for these mutations (59). The profound skin findings in these individuals, with
mineralization, further suggested that reduced γ-glutamyl carboxylase activity may
contribute to the skin phenotype. MGP is a low-molecular-weight protein that has the
capacity to prevent unwanted mineralization under normal homeostatic levels of calcium
and phosphorus (51). However, in order to be active, this protein has to be in fully
carboxylated form (cMGP) while under-carboxylated MGP (ucMGP) is inactive. We
postulated, therefore, that as a result of reduced γ-glutamyl carboxylase activity due to
mutations in GGCX, the degree of carboxylation of MGP is reduced promoting aberrant
mineralization. Indeed, immunohistochemical staining of skin biopsy specimens from
patients with extensive mineralization of the dermis revealed an abundance of the under-
carboxylated form while very little of the fully carboxylated form of MGP was present (Fig.
6). In control tissue specimens, the total amount of MGP appeared reduced, and there was
very little, if any, of the ucMGP. These and related observations clearly suggested that
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under-carboxylation of MGP plays a role in aberrant mineralization of connective tissues in
patients with GGCX gene mutations, with and without associated ABCC6 genetic lesions
(Fig. 7). This mechanism may also be applicable to traditional PXE, a proposition that has
been supported by recent electron microscopic examination of skin of patients with PXE and
by analysis of the carboxylation status of MGP in Abcc6-/- mice (60,61).

An unresolved question is, however, how the absence of ABCC6 activity, a putative
transmembrane transporter expressed primarily in the liver, contributes to reduced γ-
glutamyl carboxylation of MGP, without obvious coagulation defect. A testable hypothesis
revolves around the possibility that ABCC6 participates in cellular transport and potentially
redistribution of vitamin K, and specifically its reduced form (KH2), an obligatory co-factor
of γ-glutamyl carboxylase (Fig. 7) (62,63). More precisely, one could postulate that KH2,
either alone or conjugated with GSH (64), could serve as a transport substrate for ABCC6. If
so, in the absence of ABCC6 transport activity, the concentration of KH2 in the circulation
as well as in peripheral cells, such as dermal fibroblasts, would be reduced leading to
deficient γ-carboxylation of MGP and subsequent mineralization of adjacent connective
tissues (Fig. 7). This postulate, if proven correct, would then raise the possibility that
administration of appropriate forms of vitamin K or its derivatives might counteract the
progressive mineralization of connective tissues in PXE and might ameliorate, or even cure,
this currently intractable disease.

Clinical Implications
As with many genetic disorders, in spite of spectacular progress in understanding the
molecular basis, there have been limited advances in treatment and cure for PXE. The most
recent advances in terms of diagnosis and prognostication of this disease have been the
identification of the gene harboring mutations and the clarification of autosomal recessive as
the sole inheritance pattern. Attempts to establish genotype/phenotype correlations have
yielded little clinically useful information other than the fact that as PXE patients age the
symptoms seem to get worse, probably due to progressive accumulation of calcium
phosphate in their tissues. Presumably, therefore, continuous age-associated accumulation of
mineral deposits in the affected tissues is the explanation for the progressive phenotype.
Individuals affected with PXE are encouraged to have frequent physical examinations,
especially to screen for ocular and cardiovascular complications. Surgical interventions of
skin for cosmetic improvement as well as peripheral and coronary arteries for vascular
complications have been reported. For ocular complications, laser therapy to counteract
retinal bleeding and experimental surgical translocation of the macula to improve vision
have been advocated with conflicting results (65,66). Meanwhile, continued progress in
understanding the pathomechanisms of PXE may provide novel strategies to counteract this,
currently intractable, disorder.
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Figure 1.
Clinical and histopathologic features of a patient with the classic form of PXE (left panel) as
well as in a patients with PXE-like cutaneous features and coagulation deficiency (right
panel). On the left, the patient demonstrates characteristic yellowish papules on the
antecubital fossa, and skin biopsy of these lesions, when evaluated by Hematoxylin and
Eosin stain, shows basophilic, elastotic material in the mid dermis (arrow). Special stains for
phosphate and calcium (von Kossa and Alizarin Red stains, respectively) reveal
mineralization of the elastotic material. In a 15-year old patient with PXE-like clinical
features (right panel) there is evidence of yellowish primary lesions similar to those seen in
classic PXE, in addition to redundant, loose and sagging skin. Histopathology is similar to
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that in the patient with the classic form of PXE. Note that the classic form of PXE shows
early changes with less mineralization. (Modified from reference 59, with permission).
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Figure 2.
Schematic representation of the ABCC6 gene (a) and the encoded protein, ABCC6 (b),
together with positions of mutations identified in patients with PXE. (a) The ABCC6 gene
consists of 31 distinct exons (vertical blocks), some of which encode the two ATP binding
domains (green exons). The arrows point to the positions of nonsense, splicing, and small
insertion or deletion mutations identified in the gene. Positions of large deletions spanning
multiple exons or even the entire gene are indicated below the figure. (b) The ABCC6
putative transporter protein consists of three transmembrane domains each depicting 5, 6 or
6 transmembrane segments (light blue) that traverse the plasma membrane, respectively. The
protein domains corresponding to the Walker motifs within the ATP binding domains are
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highlighted by dark green color. Positions of missense mutations identified in the ABCC6
gene are indicated by arrows. (Modified from reference 21, with permission).
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Figure 3.
Distribution of missense mutations on the homology model of human ABCC6. For model
building, regions aa288-856 (TMD1-ABC1) and aa948-1503 (TMD2-ABC2) were
considered and the Sav1866 structure with the nucleotide AMP-PNP (PDB:20NJ) was
utilized as a template. The two halves of the molecule are indicated with different colors,
pink and olive (only the polypeptide backbones are visualized). PXE-associated missense
mutations are highlighted with red color, and two bound nucleotides are indicated by dark
green.
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Figure 4.
Conceptual illustration of the proposed metabolic hypothesis of PXE. Under physiologic
conditions, the ABCC6 protein is expressed in high levels in the liver, presumably
transporting critical metabolites to the circulation (right panel). In the absence of ABCC6
transporter activity in the liver, changes in the concentration of such substrate molecules in
the circulation can take place, and the changes result in mineralization of a number of
tissues, such as the eye, the arterial blood vessels, the kidney, and the skin (middle panel).
The presence of mineralization is detected in transgenic Abcc6-/- mice, that recapitulate the
features of human PXE, by Alizarin Red stain. (Modified from reference 33, with
permission).
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Figure 5.
Detection of mutations in the GGCX and ABCC6 genes in a family with PXE-like
cutaneous phenotype in association with vitamin K-dependent multiple coagulation factor
deficiency. The proband, whose clinical features are shown in Figure 1, is identified by an
arrow. Mutation analysis in the nuclear pedigree identified the presence of the p.R1141X
nonsense mutation in the ABCC6 gene and two missense mutations, p.V255M and p.S300F,
in the GGCX gene, as indicated on the left. (Modified from reference 59, with permission).
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Figure 6.
Demonstration that the matrix gla protein (MGP) is under-carboxylated in the lesional skin
of a patient with classic form of PXE (left panel) as well in a patient with PXE-like
cutaneous features from the family in Figure 5 (middle panel), as compared to skin from a
control individual (right panel). Skin biopsies were stained with specific antibodies
recognizing either the under-carboxylated (ucMGP) or the carboxylated (cMGP) forms of
MGP. The secondary antibodies consisted of biotin-conjugated anti-IgG, recognized by
avidin-alkaline phosphatase conjugates, and visualized by incubation with an alkaline
phosphatase substrate yielding red color (Modified from reference 59, with permission).
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Figure 7.
Speculative schematic representation of the activation of blood coagulation factors (Glu) and
under-carboxylated matrix gla protein (ucMGP) by γ-glutamyl carboxylation.
Lower panel: The active γ-glutamyl carboxylated forms of the coagulation factors (Gla) and
carboxylated matrix gla protein (cMGP) are secreted into circulation from hepatocytes and
are required for normal blood coagulation and prevention of unwanted mineralization of
peripheral tissues, respectively. The γ-glutamyl carboxylase is encoded by the GGCX gene
and is dependent on reduced vitamin K (KH2) as a co-factor in the liver. The oxidized forms
of vitamin K (KO) and the dietary vitamin K are reduced back to KH2 by enzymatic
reactions coupled with conversion of GSH to GSSG. The role of ABCC6, the
transmembrane efflux transporter, in this process is currently unknown.
Upper panel: One could hypothesize that the ABCC6 protein transports vitamin K, possibly
in its glutathione conjugated form, from the liver into circulation and to the peripheral
tissues. Consequently, cells in peripheral tissues, such as fibroblasts in the skin, lack the
ability to convert inactive ucMGP to active, fully carboxylated cMGP, possibly due to lack
of KH2. Thus, deficiency of cMGP in the resident fibroblasts allows pathologic
mineralization of connective tissues deposited in the pericellular matrix to proceed, resulting
in PXE.
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